Background: Membrane protein ubiquitination is required for endosomal sorting and degradation. Results: UBE4B binds endosomes and ubiquitinates the EGFR, enabling its degradation. Conclusion: UBE4B regulates EGF receptor sorting, degradation, expression, and signaling. Significance: UBE4B couples ubiquitination and sorting machineries on endosomes and establishes a role for an endosomeassociated ubiquitin ligase as crucial mediator of sorting and degradation of a membrane protein.
The signaling of plasma membrane proteins is tuned by internalization and sorting in the endocytic pathway prior to recycling or degradation in lysosomes. Ubiquitin modification allows recognition and association of cargo with endosomally associated protein complexes, enabling sorting of proteins to be degraded from those to be recycled. The mechanism that provides coordination between the cellular machineries that mediate ubiquitination and endosomal sorting is unknown. We report that the ubiquitin ligase UBE4B is recruited to endosomes in response to epidermal growth factor receptor (EGFR) activation by binding to Hrs, a key component of endosomal sorting complex required for transport (ESCRT) 0. We identify the EGFR as a substrate for UBE4B, establish UBE4B as a regulator of EGFR degradation, and describe a mechanism by which UBE4B regulates endosomal sorting, affecting cellular levels of the EGFR and its downstream signaling. We propose a model in which the coordinated action of UBE4B, ESCRT-0, and the deubiquitinating enzyme USP8 enable the endosomal sorting and lysosomal degradation of the EGFR.
Removal of transmembrane proteins (e.g. ion channels, receptors, and transporters) from the plasma membrane by endocytosis is a vital mechanism that regulates their residence time on the membrane and, therefore, downstream signal transduction pathways engaged when these membrane proteins are activated (1) . The myriad of signaling events modified by endocytic trafficking of membrane proteins suggests that this process plays a fundamental role in cellular physiology by exerting control over cellular functions such as cell proliferation and survival (1) . The canonical transport pathway for membrane proteins that transiently reside on the cell surface begins with internalization at the plasma membrane and subsequent transit through multiple morphologically distinct compartments, including early endosomes and late endosomes/multivesicular bodies (MVBs) 3 en route to their degradation in lysosomes (2) (3) (4) (5) .
The MVB is the site of an important sorting event that determines the ultimate fate of proteins that move through the endocytic pathway. Following internalization and movement to early endosomes via transport vesicles, proteins remain on the endosomal membrane as the early endosomal compartment matures into a late endosome/MVB. Membrane proteins that remain on the endosomal surface may be recycled to various compartments by traveling on vesicles that bud outward from the membrane, whereas sorting into internal MVB vesicles obliges degradation subsequent to MVB-lysosome fusion (3, 6) .
Ubiquitination, a reversible posttranslational modification, is a mechanism that targets cytosolic proteins for proteasomal degradation and underlies aspects of membrane protein trafficking. For example, ubiquitin is recognized by protein machinery on endosomes that mediates the sorting of cargo proteins (7) (8) (9) (10) . The sorting machinery consists of a core group of cytosolic proteins that are recruited to the endosomal membrane, called the endosomal sorting complex required for transport (ESCRT) machinery (8, 9, 11) . A subset of ESCRT proteins bind directly to ubiquitin, enabling cargo engagement. ESCRTs are four unique multiprotein complexes that are recruited to endosomes and mediate discrete events in the sorting process. ESCRT-0 consists of hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs) and signal-transducing adaptor molecule (STAM). This crucial complex not only recruits subsequent ESCRT complexes to endosomes but is involved in the recognition, initial recruitment, and concentration of ubiquitinated protein cargo for MVB sorting (7) . Without a ubiquitin tag, ESCRT-0 is unable to engage its sorting target, and membrane proteins remain undetected by the cellular sorting complexes (12, 13) . Similarly, ESCRT-I and ESCRT-II require ubiquitinated cargo to associate with endosomes and ubiquitin tags to associate with cargo (14) . ESCRT-I and II reshape the endosomal membrane into a nascent vesicle that buds into the lumen of the MVB (15) . ESCRT-III does not recognize ubiquitin-tagged cargo, nor does it directly associate with proteins on endosomal membranes. Instead, ESCRT-III recruits the machinery required to dissociate ESCRTs from the endosomal membrane and enables membrane scission events that form internal MVB vesicles (16, 17) .
The epidermal growth factor receptor (EGFR) is a single-pass type I membrane protein whose itinerary through the endocytic pathway is well documented (18 -21) . The stimulation of the EGFR with its cognate ligand, EGF, triggers receptor dimerization and autophosphorylation and activates the tyrosine kinase activity of the EGFR, resulting in multiple downstream signaling events (13) . Additionally, binding of EGF-EGFR initiates clathrin-dependent receptor internalization. Activated EGFRs are capable of signaling as they traverse the endocytic pathway until the ligand-receptor complex is sorted into internal MVB vesicles and is degraded during lysosomal proteolysis (13, 22) . The cellular signaling pathways activated by the EGFR result in profound biological responses, including alterations to survival, proliferation, and differentiation.
Ubiquitination of EGFRs may occur early in endocytosis, when Cbl, a cytosolic ubiquitin ligase, acts at the plasma membrane to ubiquitinate the EGFR upon ligand binding (10) . However, EGFR ubiquitination is not required for its cellular internalization (22) . Nevertheless, at another trafficking step, the lack of a ubiquitin tag precludes receptors from being sorted into MVB internal vesicles and, therefore, from lysosomal targeting and degradation (13, 18, 22) . Thus, aside from the role of ubiquitination in proteasomal degradation of cytosolic proteins, ubiquitination plays a role in membrane protein trafficking/degradation. However, the precise nature of that role and the link between the ESCRT machinery and ubiquitination machinery are not well understood.
Ubiquitin ligases mediate the transfer of ubiquitin moieties onto the intracellular domains of membrane proteins that are vulnerable to the action of cytosolic deubiquitinating enzymes as the membrane proteins traverse the endocytic pathway. Genomic studies have identified over 600 possible genes encoding ubiquitin ligases compared with only 95 genes encoding deubiquitinating enzymes, implying that the deubiquitinating enzymes are relatively more promiscuous compared with ubiquitin ligases (23, 24) . It is probable that ubiquitination of receptors, an ATP-dependent process, is reversed by deubiquitinating enzymes that act in an ATP-independent manner. To couple cargo ubiquitination to the cellular machinery required for MVB sorting, a ubiquitin ligase must be present at or near the MVB to facilitate the ubiquitination and sorting event. Interestingly, the processes of ubiquitination/deubiquitination must be coordinated with the sorting machinery because removal of ubiquitin from cargo proteins must occur prior to cargo movement into internal MVB vesicles but not before receptor recognition by ESCRTs (25) . The enzymatic activity of USP8, a deubiquitinating enzyme that associates with STAM, is thought to play a role in EGFR degradation, although reports of the nature of its influence are conflicting (12, 26 -28) .
We hypothesized that the ESCRT proteins must recruit E3 ligases to enable the biochemical coupling of the ubiquitination and sorting machineries on microdomains of the endosomal membrane. We isolated an E3 ligase, UBE4B, that binds to the ESCRT-0 component Hrs and analyzed the mechanism by which UBE4B regulates the sorting and, ultimately, degradation of the EGFR. We show that, upon EGF stimulation, UBE4B is recruited to endosomal membranes by Hrs. Modification of cellular UBE4B levels results in altered EGFR degradation, expression, and downstream signaling. Moreover, UBE4B is capable of ubiquitinating the EGFR, and the interaction of UBE4B with Hrs is crucial to the sorting of the EGFR into intraluminal vesicles. Further, we clarified the mechanistic role of USP8 in EGFR degradation by establishing its necessity in a discrete step in EGFR sorting. On the basis of these data, we propose a model in which the action of UBE4B, ESCRT-0, and USP8 couples the machineries that govern ubiquitination and sorting to promote the endosomal sorting and lysosomal degradation of the EGFR.
EXPERIMENTAL PROCEDURES
Cells-HeLa cells were cultured in DMEM (Mediatech) containing 10% FBS (Sigma). SK-N-AS cells were cultured in RPMI 1640 medium (Mediatech) containing 10% FBS and 1% L-glutamine (Sigma).
Antibodies-Hrs and STAM antibodies were prepared as described previously (29, 30) . Other antibodies were purchased from the following commercial sources: EEA1 (Abcam), EGFR (ABR and Santa Cruz Biotechnology), p44/42 MAPK (Erk1/2, Cell Signaling Technology), phospho-p44/42 MAPK (Erk1/2, Cell Signaling Technology), and ubiquitin (Sigma). Secondary antibodies to mouse IgG and rabbit IgG were purchased from Invitrogen. Fluorescent secondary antibodies to mouse IgG and rabbit IgG were purchased from Molecular Probes. An antibody against UBE4B was produced after immunizing rabbits (Cocalico) with recombinant full-length UBE4B protein. UBE4B was expressed in insect cells as described previously (29) . UBE4B antibody was purified for use in immunofluorescence and Western blot analyses.
Two-hybrid Screen-Full-length Hrs was cloned into the pGBT vector (Clontech) and used to screen a human brain cDNA library inserted downstream of the GAL4 activation domain in the pGAD10 vector (Clontech), as described previously (31) .
In Vitro Binding Assays-Recombinant proteins were expressed in insect cells as described previously (29) . To determine whether UBE4B binds to Hrs in a direct and saturable manner, 0.15 g of His 6 -Hrs was bound to Ni-NTA beads and incubated with increasing concentrations of purified soluble UBE4B in binding buffer (20 mM HEPES (pH 7.4), 150 mM KCl, and 0.05% Tween 20) and 4 l of a protease inhibitor mixture (10 mM leupeptin, 1 g/l pepstatin, 0.3 mM aprotinin, and 1.74 g/l PMSF) for 1 h at 4°C. Beads were washed in a solution of PBST (0.1 M PBS and 0.05% Tween 20) and 10 mM imidazole, boiled in sample buffer, and resolved by SDS-PAGE. Coomassie Blue staining detected bound Hrs. Bands were subject to quantitation with ImageJ software (v. 1.42). To further confirm the UBE4B-Hrs interaction, His-UBE4B was bound to a Ni-NTA column. Rat brain lysate was passed through the column. Bound proteins were eluted with 250 mM imidazole. Samples were resolved by SDS-PAGE and transferred to nitrocellulose membranes under standard conditions. Membranes were blocked with 5% nonfat dry milk in PBS, and the blot was probed with an Hrs antibody. Blots were probed with an antimouse secondary antibody conjugated to horseradish peroxidase (Sigma) for 1 h at room temperature. Proteins were detected using ECL and exposed to autoradiography film. To determine whether UBE4B and STAM are capable of binding to Hrs simultaneously, 0.15 g of immobilized His 6 -Hrs and 0.7 g of soluble STAM were incubated with increasing amounts of UBE4B. Incubation and quantitation were performed as above.
To identify the region of Hrs responsible for UBE4B binding, His 6 -tagged Hrs, UBE4B fusion proteins, and GST fusion proteins were prepared as described previously (29, 32, 33) . GSTfused proteins were cleaved from GST using thrombin (7.5 units/ml, Amersham Biosciences Pharmacia) at room temperature for 2-4 h. Reactions were stopped by adding 0.1 mM PMSF. Soluble proteins were precleared with glutathione-agarose before quantitation and binding. Protein concentrations were estimated by Coomassie Blue staining following SDS-PAGE using a BSA standard.
His 6 -tagged UBE4B was incubated with various GST-fused Hrs fragments immobilized on glutathione-agarose beads in binding buffer (20 mM HEPES (pH 7.4), 150 mM KCl, and 0.05% Tween 20) for 1 h at 4°C. Beads were washed in PBST. Proteins were eluted and separated by SDS-PAGE. Bound UBE4B was detected by immunoblot analysis using ECL.
Numerical Methods-To determine the dissociation constant and stoichiometry of Hrs-UBE4B binding, the experimental data were fitted to the Hill equation, y ϭ x h / (K d h ϩ x h ), where K d and h are the dissociation constant and the Hill coefficient, respectively. In the experiment, we measured the steady-state binding kinetics of Hrs-UBE4B using the fixed concentration (1.36 M) of Hrs and increasing concentrations of UBE4B (0ϳ17.1 M). At each data point, we calculated the free (unbound) UBE4B concentration and the normalized (fraction) of UBE4B-bound Hrs to which the Hill function was fitted. The least square method or the absolute difference between the empirical data and the Hill function was used to obtain the optimized values for K d and h. We also used the weight function to take into account the fluctuations of the data values (i.e. standard deviation). The optimized values are as follows: Immunofluorescence Microscopy-To analyze UBE4B and Hrs colocalization, HeLa cells were plated onto glass coverslips in 6-well plates and cultured to 60 -70% confluency. Prior to fixation, cells were serum-starved for 2 h and then incubated with EGF (100 ng/ml) for 30 min on ice. Plates either remained on ice (0°C) or were transferred to 37°C for 15 min to allow EGFR internalization.
Cells were fixed with a 4% paraformaldehyde/PBS solution for 20 min and immunolabeled with antibodies. Cells were incubated (4°C, overnight) in blocking buffer (2% normal goat serum and 0.25% saponin in 0.1 M phosphate buffer (pH 7.4)) containing antibodies directed against UBE4B (1:250) and Hrs (1:500). After washing with PBS, cells were incubated with secondary antibodies at 37°C for 30 min. Coverslips were washed and mounted with para-phenylenediamine in 50% glycerol/0.1 M phosphate buffer (pH 7.4). Images were obtained using an LSM 510 confocal laser scanning microscope (Carl Zeiss). The experiment was repeated to analyze colocalization of EGFR (1:400) and Hrs, UBE4B and EEA1 (1:500), EGFR and EEA1, and USP8 and LAMP1.
Pearson's correlation coefficients (R) were determined using the LSM 510 META software. Regions of interest were drawn around each cell. Values range from 0 -1 (0, no colocalization; 1, all pixels colocalize). A two-tailed Student's t test for independent samples was used to determine significance.
Endosomal Binding-Endosomal membranes were purified from HeLa cells via centrifugation on a discontinuous sucrose gradient as described previously (34) . Upon reaching ϳ80% confluence, cells on one 10-cm plate were scraped into homogenization buffer (20 mM HEPES (pH 7.4), 0.25 M sucrose, 2 mM EGTA, 2 mM EDTA, and 0.1 mM DTT) and passed through a 30-gauge needle 30 times. Lysates were centrifuged at 100,000 ϫ g for 10 min and resuspended in homogenization buffer (0.17 ml) mixed with 61% sucrose to a final concentration of 46% sucrose (0.5 ml total). The 46% sucrose cushion was overlaid with two additional layers of sucrose (35% (0.65 ml) and 30% (0.45 ml)) and additional homogenization buffer (0.4 ml). Gradients were centrifuged in a TLS-55 rotor (Beckman Coulter) at 124,000 ϫ g for 60 min. The interface between 30 and 35% sucrose was collected.
A constant amount (180 nM) of His 6 -tagged UBE4B was added to reactions containing purified endosomal membranes, which were incubated at 37°C for 60 min. Reactions were stopped via centrifugation at 100,000 ϫ g for 10 min, and His 6 -UBE4B concentrations were determined in pellet and supernatant fractions by quantitative Western blotting using anti-His 6 antibodies and 125 I-conjugated secondary antibodies. Quantitation of UBE4B detected in the pellet and supernatant fractions was performed using ImageJ.
Cell Lysis and Immunoprecipitation-HeLa cells were scraped into a 1ϫ PBS solution and centrifuged at 1500 ϫ g (4°C) for 10 min. The supernatants were discarded, and cell pellets were resuspended in mammalian protein extraction reagent (Pierce) and a protease inhibitor mixture. Samples were rotated end-over-end for 1 h at 4°C. After incubation, lysates were cleared by centrifugation for 15 min (15,000 ϫ g, 4°C) and supernatants were collected. Samples were incubated with either mouse IgG or STAM antibody overnight at 4°C. The next day, 20 l of protein A-Sepharose (GE Healthcare) was added to samples and incubated for 4 h at 4°C. Samples were washed with PBST, and proteins were eluted with 4ϫ sample buffer. SDS-PAGE and Western blot analysis were performed.
Degradation Assay-Cells (either HeLa, SK-N-AS, GFP-expressing, UBE4B, or P1140A cell lines) were cultured to 80% confluency. Cells were washed with medium A (DMEM and 1% BSA) and starved in medium A for 2 h (37°C, 5% CO 2 ). The medium was aspirated, and cold medium A supplemented with EGF (50 ng/ml) was added. Plates were placed on ice at 4°C.
Cells were rinsed and either kept on ice (0 min) or incubated with warm medium A (5% CO 2 , 37°C) for 30 or 60 min. Cells were lysed as above, and 50 g of protein from each sample was subject to SDS-PAGE and Western blotting. Proteins were visualized with ECL and exposed to autoradiography film. Bands were quantified using ImageJ.
Cell Transfection-Plasmid DNA was prepared, and transient transfections were performed on cells using an Effectene transfection kit (Qiagen) according to the protocol of the manufacturer. Constructs used in the transfections are as indicated.
For RNAi depletion, HeLa cells were compared with cells transfected with control-scrambled, duplexed RNA or cells transfected with a UBE4B-targeted RNA duplex (Silencer Select, catalog no. s556, Ambion). Cells were transfected using the siPORT transfection agent (Invitrogen) according to the protocol of the manufacturer.
Lentivirus Production, Harvesting, and Infection-Lentivirus production and harvesting were performed to prepare for virus infection of SK-N-AS cells. The overexpression of wild-type UBE4B, UBE4BP1140A, and GFP in SK-N-AS cell lines is driven by the ubiquitin promoter of the FUGW plasmid. First, 3 g each of pFUGW, p8.9 -1, and pVSV-1 DNA was diluted in 1.5 ml of serum-free Opti-MEM I. A 35-l volume of Lipofectamine 2000 was incubated with a separate 1.5 ml of Opti-MEM I volume (room temperature, 5 min). The DNA/Lipofectamine 2000 solutions were combined and incubated for 20 min at room temperature and then mixed in a new flask with 5 ml of DMEM (10% fetal calf serum). The resultant volume was sufficient for one T75 flask of 90% confluent cells. Cells were lifted from flasks with trypsin/EDTA 1ϫ and resuspended in 5 ml of DMEM (10% FCS). The cell suspension was added to the flask containing the DMEM/DNA/Lipofectamine 2000 solution and placed in an incubator (37°C at 5% CO 2 ) overnight. The next day, the medium was changed to DMEM (10% FCS, 1% L-glutamine) and incubated for another 48 -72 h.
Next, medium was collected and 1% SDS was added to the remaining cells before disposal. The supernatant was put through a 0.45-m filter. The collected supernatant could be used directly or stored at Ϫ80°C (for a more concentrated virus dilution, spin with a SW41 rotor at 25,000 rpm for 90 min at 4°C). The pellet was resuspended in 50 l of PBS and stored at Ϫ80°C.
Cells were plated in 6-well dishes for 20% confluence and incubated (5% CO 2 at 37°C) for 4 -5 h. The medium was aspirated from the wells. 2 l of lentivirus solution was diluted in 3 ml of growth medium and added to each well. Cells were incubated and allowed to grow for 5 days. The lentivirus/medium solution was aspirated from the wells. Cells were dissociated from wells with EDTA (0.5 mM in PBS). Cells were transferred to 10-cm dishes and maintained as normal SK-N-AS cells. Virus expression was confirmed by immunofluorescence with mouse monoclonal anti-GFP or anti-His as primary antibodies.
EGFR Signaling-HeLa cells were cultured to 80% confluence and starved in medium A for 2 h. Plates were incubated with 50 ng/ml EGF in medium A for 0, 10, 25, 40, or 60 min. Cell pellets were collected and resuspended in 30 l of lysis buffer (50 mM HEPES, 150 mM NaCl, 1 mM EGTA, 10 mM sodium pyrophosphate, 10 mM NaF, 10% glycerol, 1.5 mM MgCl 2 , and 1% Triton X-100) containing protease and phosphatase inhibitors. Lysates were collected, and 20 g of protein was resolved by SDS-PAGE and Western blotting. Total and phosho-Erk1/2 levels were quantified.
Ubiquitination and Deubiquitination Assays-HeLa lysate was collected and incubated with either 1 g of mouse monoclonal anti-EGFR or 1 g of mouse IgG control (4°C, overnight).
EGFR ubiquitination was performed as described previously (32) . Conditions were complete ubiquitination reactions with or without either His 6 -UBE4B or His 6 -UBE4B P1140A bound to Ni-NTA resin as the E3 ligase. Following incubation, samples were centrifuged, and resin was removed. Supernatants were incubated with 20 l of 50% packed protein A resin for 4 h.
Deubiquitination of EGFR was performed as described previously (35) following protein A bead incubation. SDS-PAGE, transfer, and Western blotting were carried out as above.
Cell-free Reconstitution of Receptor Sorting-The reconstitution of MVB formation and receptor sorting was performed as described previously (30) .
To determine the dependence of EGFR sorting on the presence of UBE4B, cytosol was prepared from untreated HeLa cells, and cells were transfected with either a scrambled RNA duplex or a UBE4B-targeted RNA duplex. Cells were scraped into 1ϫ PBS and centrifuged at 2000 ϫ g for 15 min at 4°C. Cell pellets were resuspended in homogenization buffer containing a protease inhibitor mixture. Samples were subjected to sonication using a probe sonicator to disrupt membranes (5 cycles of 5 s on, 30 s off at 40% power). The resultant sample was centrifuged at 2000 ϫ g for 10 min at 4°C, and supernatants were collected. The supernatant was then centrifuged at 100,000 ϫ g for 1 h at 4°C, and supernatants were collected. In place of rat brain cytosol, 25 g of HeLa cytosol was used in the sorting assay.
Statistical Analysis-Statistical significance was determined using a two-tailed Student's t test for independent samples. A p value of Ͻ0.05 was considered statistically significant.
RESULTS

UBE4B and Hrs Interact Directly through Discrete Domains-
We performed a yeast two-hybrid screen using full-length Hrs as bait and isolated multiple clones encoding UBE4B. To confirm the Hrs-UBE4B interaction, we examined whether Hrs and UBE4B proteins would bind each other in the absence of other proteins. We immobilized recombinant Hrs on Ni-NTA agarose, added increasing amounts of soluble UBE4B, and observed saturable binding of UBE4B to Hrs (Fig. 1A) . The interaction exhibited stoichiometric binding with a K d of ϳ 2 M (Fig. 1B ). We confirmed the UBE4B-Hrs interaction in a third manner by isolating Hrs from rat brain lysate after passage over an Ni-NTA column to which His-UBE4B had been bound (Fig. 1C ).
Using various recombinantly produced fragments of Hrs, we determined the region required for its interaction with UBE4B ( Fig. 1D ). Binding of UBE4B to Hrs was not detectable in Hrs fragments that included only the VHS (VPS-27, Hrs, and STAM), FYVE (Fab1, YOTB, Vac1, and EEA1), and UIM (ubiquitin-interacting motif) domains (Fig. 1E, lane 1) ; both coiledcoil domains (lane 3); or the second coiled-coil domain (lane 5). However, binding of UBE4B to Hrs was detected in three different fragments that all contained the Hrs region between the FYVE domain and the coiled-coil region, residues 216 -449 ( Fig. 1E, lanes 2, 4, and 6 ). Although these fragments also encompassed the UIM domain, this fragment is most likely insufficient to account for the binding site because the N-terminal fragment did not bind to UBE4B, and it contains all but three residues of the UIM domain (Fig. 1E, lane 1) . The domain of UBE4B required for Hrs interaction was identified on the basis of overlapping fragments found in UBE4B clones obtained in our two-hybrid screen, which revealed that the region necessary for Hrs binding is contained within the N-terminal region (amino acids 63-312).
UBE4B Associates with Endosomal Membranes via Interaction with Hrs-Because Hrs functions in endosomal trafficking events while residing on endosomal membranes, we examined whether UBE4B was associated with endosomal membranes.
Under steady-state conditions, UBE4B ( Fig. 2A , i and ii, green) appeared to reside diffusely in the cytosol and did not appear to colocalize with either Hrs (A, red) or the early endosome marker EEA1 (B, i and ii, red), whereas, as predicted, EGFR remained on cell membranes (B, v and vi, green). We stimulated serum-starved cells with EGF and incubated at either 0°C to prevent EGFR internalization or at 37°C to stimulate movement of EGFR to endosomes (Fig. 2B , v-viii). Upon EGF stimulation, EGFR localized to endosomal membranes (Fig.  2B , vii and viii), and we observed increased colocalization of UBE4B with both Hrs (A, iii and iv) and EEA1 (B, iii and iv). Thus, upon EGF stimulation, UBE4B appears to colocalize with Hrs and EEA1 at a time point that is coincident with EGFR movement into endosomes (Fig. 2B ). The recruitment of UBE4B to endosomal membranes upon EGFR internalization suggests the potential involvement of UBE4B in EGFR trafficking.
To further examine the association of UBE4B with endosomal membranes, we incubated purified endosomes with increasing concentrations of recombinant His-UBE4B ( Fig.  2C ). We observed saturable binding of His-tagged UBE4B to endosomal membranes that possessed Hrs, suggesting that a finite number of binding sites are present on this membrane. Moreover, when we included Hrs 216 -449 , a fragment of Hrs required for its interaction with UBE4B ( Fig. 1D) , we observed an inhibition of the binding of UBE4B to endosomal membranes (Fig. 2C, lane 7) . These data suggest that the interaction with Hrs is sufficient for endosomal binding of UBE4B and that Hrs is an endosomal UBE4B receptor. UBE4B Is Capable of Binding to ESCRT-0-Hrs associates with the endosome and binds to STAM, forming the ESCRT-0 complex that is involved in the recognition of ubiquitinated protein cargo on endosomes (11) . We examined whether UBE4B would bind to Hrs in the presence of STAM. We observed that STAM, Hrs, and UBE4B were coprecipitated from cell lysate (Fig. 3A ), suggesting that all three proteins could be present in a complex. Next, we incubated His-Hrs bound to Ni-NTA beads with a constant, saturating amount of recombinant STAM and increasing amounts of recombinant UBE4B (Fig. 3B ). Oversaturating amounts of UBE4B did not affect binding of STAM to Hrs (Fig. 3B, lanes 6-8) . In the presence of STAM, UBE4B and Hrs exhibited stoichiometric bind- . UBE4B binds to endosomes. A, HeLa cells were starved and incubated with EGF (50 ng/ml) for 15 min at either 0°C (i and ii) or at 37°C (iii and iv) to allow EGFR internalization. Cells were fixed with 4% paraformaldehyde and immunolabeled with antibodies directed toward Hrs (red, Alexa Fluor 568) and UBE4B (green, Alexa Fluor 488). Subcellular localization of UBE4B (single arrows) and colocalization of UBE4B and Hrs (double arrows) were visualized by confocal microscopy. The distinct localization of Hrs and UBE4B was observed in cells incubated with EGF at 0°C (i and ii, r ϭ 0.671 Ϯ 0.01), whereas cells that internalized EGF-EGFR (iii and iv, r ϭ 0.737 Ϯ 0.01) exhibited increased Hrs-UBE4B colocalization (iv), suggesting that EGFR internalization increases colocalization of Hrs and UBE4B. Scale bars ϭ 10 m. Ten cells for each time point were used to determine the colocalization of Hrs and UBE4B. A significant difference in the Pearson's correlation coefficients was observed (p Ͻ 0.0001). B, HeLa cells were serum-starved and treated with EGF (100 ng/ml) for 15 min at either at 0°C (i, ii, v, and vi) or 37°C (iii, iv, vii, viii) to allow EGFR internalization. Cells were fixed with 4% paraformaldehyde and immunolabeled with antibodies against EEA1 (i-viii; red, Alexa Fluor 568) and either UBE4B (i-iv; green, Alexa Fluor 488) or EGFR (v-viii; green, Alexa Fluor 488). Singular localization of UBE4B or EGFR (single arrows) and colocalization of UBE4B-EEA1 or EGFR-EEA1 (double arrows) were visualized by confocal microscopy. Cells incubated with EGF at 0°C did not internalize EGFR (i and v) and exhibited distinct localization of UBE4B and EEA1 (ii, r ϭ 0.70 Ϯ 0.01), whereas cells that internalized EGF-EGFR (iii and vii) exhibited colocalization of UBE4B and EEA1 (iv, r ϭ 0.75 Ϯ 0.01). Nine cells for each time point were used to determine the colocalization of UBE4B and EEA1. A significant difference in the Pearson's correlation coefficients was observed (p Ͻ 0.0001). EGFR localization following EGF treatment is shown as a control (v-viii). These data suggest that EGF stimulation and EGFR internalization increase UBE4B binding to endosomes. Scale bars ϭ 10 m. C, purified endosomes were incubated with increasing amounts of recombinant His-UBE4B. His-UBE4B bound saturably to endosomal membranes (pellet) and appeared in the supernatant following membrane saturation (supernatant). The endosome binding of His-UBE4B was inhibited by addition of the region of Hrs required for UBE4B binding (lane 7) . Endogenous Hrs is present on the purified endosomes that also contain EEA1. JANUARY 31, 2014 • VOLUME 289 • NUMBER 5
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ing with a K d of ϳ3.2 M (Fig. 3C) . Interestingly, inclusion of STAM in the UBE4B-Hrs binding reaction did not significantly affect the binding stoichiometry of UBE4B to Hrs (compare Figs. 1B and 3C ). These data demonstrate that, although UBE4B is capable of binding to Hrs in the presence of STAM, UBE4B does not alter the formation or stability of the ESCRT-0 complex. UBE4B Expression and Enzyme Activity Affects Membrane Protein Degradation-The ESCRT-0 complex is a critical component of the protein machinery required for lysosomal traf-ficking of membrane proteins. We examined whether depletion of UBE4B would affect the steady-state levels of EGFR, a prototypical membrane protein that is degraded in the lysosome. Depletion of UBE4B resulted in a significant up-regulation of EGFR in whole cells compared with control cells (Fig. 4, A and  B) , suggesting that UBE4B levels have a profound effect on steady-state cellular levels of EGFR and may affect their degradation. Therefore, we examined whether UBE4B affects the degradation of EGFR and examined the degradation rates of EGFR in SK-N-AS cells, a cell line that expresses low endogenous levels of UBE4B. We infected the SK-N-AS cell line with a lentivirus that induced the stable expression of either a five times increase of wild-type UBE4B (compared with the parental cell line) or a UBE4B P1140A mutant that is catalytically inactive (32) . After 60 min of EGF stimulation, cells expressing elevated levels of adventitiously expressed UBE4B had less than 20% EGFR remaining compared with control cells that had about 40% EGFR remaining ( Fig. 4C ), suggesting a correlation between UBE4B levels and EGFR degradation. This increase in EGFR degradation efficiency appears to be dependent upon the enzyme activity of UBE4B because cells expressing the mutant UBE4B P1140A remained impaired in EGFR degradation, with about 55% EGFR remaining in cells ( Fig. 4C) .
We next depleted UBE4B from HeLa cells and compared EGFR degradation in depleted and non-depleted cells. After RNA duplex transfection, UBE4B levels were undetectable by Western blot analysis, although levels of Hrs and other proteins that bind to either Hrs or UBE4B were unaffected (Fig. 4D , bottom panel) suggesting that UBE4B does not affect the stability of these proteins. EGFR levels were compared before and after stimulation with EGF. HeLa cells depleted of UBE4B had ϳ50% of EGFR remaining after 45 min of EGF stimulation (Fig.  4D, top panel, lane 4) , whereas EGFR was almost completely degraded in control and mock-transfected HeLa cells following ligand stimulation (lanes 1-3) . The absolute amount of EGFR degraded following ligand stimulation decreased by ϳ80% in cells depleted of UBE4B (Fig. 4E, lane 4) compared with control and mock-transfected cells (lanes 1-3) , suggesting that UBE4B is required for efficient EGFR degradation.
To examine the importance of the Hrs-UBE4B interaction in EGFR degradation, we induced the expression of a fragment of Hrs 216 -449 that disrupts the Hrs-UBE4B interaction (Fig. 1D) . To confirm disruption of the Hrs-UBE4B interaction in situ, we immunoprecipitated Hrs from the lysate of HeLa cells (Fig. 4F,  lane 2) but were unable to coprecipitate UBE4B from HeLa lysate containing Hrs (216 -449) (lane 3) , demonstrating the disruption of Hrs-UBE4B binding. Next, we compared EGFR degradation in wild-type HeLa cells and HeLa cells expressing Hrs (216 -449) and found that the inhibition of the Hrs-UBE4B interaction resulted in nearly twice the amount of EGFR remaining in cells after EGF stimulation compared with control cells (Fig. 4G) . These data suggest that the effect of UBE4B on the efficiency of EGFR degradation is contingent on its interaction with Hrs.
Modulation of UBE4B Expression Results in Up-regulation of EGFR and Prolonged Downstream Signaling-To explore how altered EGFR expression affects the activation of EGFR-dependent signaling pathways, we examined the phosphorylation of ERK, a downstream signaling protein that is phosphorylated after EGF stimulation (36) . In both control cells and UBE4Bdepleted cells, phosphorylation of ERK is elevated 10 min after EGF stimulation. In untreated cells and cells transfected with a scrambled siRNA, ERK phosphorylation had nearly returned to prestimulation levels 40 min after EGF stimulation (Fig. 5, A  and B) , whereas, in UBE4B-depleted cells, phosphorylation remained elevated throughout the entire 60-min period after EGF stimulation (Fig. 5, A and B) . Thus, EGF-induced ERK signaling is prolonged in cells depleted of UBE4B, suggesting that increased cellular EGFRs resulting from decreased EGFR degradation are capable of signaling. UBE4B Regulates the Sorting of EGFR by Affecting Ubiquitination-We examined whether UBE4B may affect the sorting of EGFR into internal MVB vesicles utilizing a cell-free assay that reconstitutes the sorting of EGFRs into the MVB (30). This assay examines the protease susceptibility of the cytoplasmic tail region of the EGFR that is detected using epitope-specific antibodies. The tail domain of the receptor is protected from trypsin digestion when it is sorted into internal MVB vesicles. This reconstituted sorting event is dependent on the addition of exogenous cytosol, time, temperature, an intact proton gradient, and ESCRT proteins (30) . Depletion of UBE4B from the cytosol added to the reaction inhibited the sorting of EGFR (Fig. 6A ). Furthermore, the fragment of Hrs 216 -449 also inhibited the sorting of EGFR (Fig. 6B ), suggesting that UBE4B is required for efficient sorting of the EGFR into internal MVB vesicles and that UBE4B must be able to interact with Hrs for efficient EGFR sorting.
Membrane protein entry into internal MVB vesicles requires the covalent attachment of ubiquitin to allow cargo proteins to bind the ESCRT machinery. Because depletion of UBE4B resulted in decreased degradation of EGFR, we examined whether UBE4B could ubiquitinate EGFR, an effect that would promote receptor degradation. We incubated cell lysate, UBE4B, and other components required for in vitro ubiquitination. We immunoprecipitated EGFR from reactions that included UBE4B and detected a signal after probing the blot with ubiquitin antibodies (Fig. 6, C, lane 1, and D, lane 1) . We found that this signal was decreased by further incubation of the reactions with the deubiquitinating enzymes UCH-L3 and isopeptidase T (Fig. 6, C, lane 3, and D, lane 3) , suggesting that the signal was due to addition of ubiquitin to the precipitated EGFR. Ubiquitinated EGFR could not be detected in samples that included lysate alone and excluded UBE4B from reactions ( Fig. 6, C, lane 2, and D, lane 2) or from samples that included the UBE4B P1140A mutant (Fig. 6, C, lane 4, and D, lane 4) . These data suggest that the catalytic activity of UBE4B may act to promote the ubiquitination of EGFR.
The Deubiquitinating Enzyme USP8 Is Required for EGFR Sorting-Prior to their delivery to the lysosome for degradation, ubiquitinated EGFRs are deubiquitinated (9, 37) . A deubiquitinating enzyme, USP8, has been shown previously to bind to STAM through its SH3 domain (38) . However, its role in EGFR degradation has been a subject of dispute (12, 26 -28) .
To determine whether USP8 is capable of deubiquitinating EGFRs that have been ubiquitinated by UBE4B, we included USP8 in the in vitro reactions after the UBE4B incubation step. We observed that the inclusion of USP8 resulted in a decreased ubiquitination of EGFRs that were ubiquitinated previously by UBE4B (Fig. 6D, lane 5) .
USP8 has been shown to localize to endosomes (28) . However, we examined whether USP8 is localized to endosomes under the conditions under which we observed the endosomal recruitment of UBE4B. Thus, we stimulated serum-starved cells with EGF for 15 min (as in Fig. 2A ) and examined the localization of USP8 (Fig. 6F, green) and LAMP1 (Fig. 6E, red) . Following EGF stimulation, USP8 localized to LAMP1-positive structures (Fig. 6E, merge) , suggesting that it, too, is recruited to endosomes with a time course similar to that of UBE4B recruitment.
Next, we used the cell-free sorting assay to examine the role of USP8 in EGFR sorting. Reactions that included exogenous wild-type USP8 protected the EGFR from trypsin digestion, similar to control reactions (Fig. 6F) , although reactions including exogenous USP8 C786S , a point mutant lacking catalytic activity and, therefore, incapable of deubiquitination, resulted in a decreased amount of EGFR protected from trypsin digestion ( Fig. 6F) . Thus, the USP8 C786S decreases the sorting of EGFR into internal MVB vesicles, suggesting that its ability to deubiquitinate EGFRs is required for efficient receptor sorting. Moreover, because USP8 C786S has been shown previously to act in a dominant negative manner (39) , these data suggest that USP8 may act at the endosome membrane to deubiquitinate cargo and facilitate sorting into internal vesicles.
DISCUSSION
Activated EGFRs initiate signaling cascades that are terminated upon receptor degradation in the lysosome (13, 22) . The canonical pathway resulting in trafficking of membrane proteins to the lysosome requires that they transit through the MVB and be sorted for inclusion in the internal vesicles of this organelle. This sorting event requires the recruitment of the ESCRT protein complexes and the attachment and subsequent removal of ubiquitin molecules that act as sorting tags on the cargo proteins to enable ESCRT association, although the mechanism by which the sorting and ubiquitination machineries coordinate their functions on the MVB membrane has been unclear. Here we show that an ESCRT protein, Hrs, recruits the E3 ubiquitin ligase UBE4B to endosomes and couples the action of the ubiquitination and sorting machineries to promote the sorting and degradation of EGFR.
The binding of UBE4B to Hrs does not disrupt ESCRT-0 complex formation or stability, nor does it affect the stability of , and cells transfected with RNA duplexes specific to UBE4B (RNAi UBE4B) were incubated with EGF. Lysates were collected at 0, 10, 25, 40, and 60 min after EGF stimulation. Samples were resolved by SDS-PAGE and probed for phosphorylated ERK (pERK) and total ERK. Shown is a representative blot of n ϭ 3. B, ERK phosphorylation reached a peak in both control cells and UBE4B-depleted cells 10 min after EGF stimulation. In control cells, phosphorylation had nearly returned to prestimulation levels 40 min post-stimulation. In UBE4B-depleted cells, phosphorylation was sustained at a higher level throughout the 60-min time period. *, p Ͻ 0.05 in both siRNA UBE4B versus WT and siRNA UBE4B versus siRNA scrambled samples at 40 min; *, p Ͻ 0.05 in siRNA UBE4B versus siRNA scrambled alone at 60 min.
Hrs or STAM. Depletion of UBE4B does not result in the altered expression of some other cytosolic partners of Hrs or UBE4B. Thus, UBE4B is recruited to endosomes by Hrs but does not appear to affect the stability of the sorting machinery.
Endosomal trafficking of the EGFR is a vital mechanism for modulating the activity and duration of signaling in cells (4). Depletion of key ESCRT components, such as Hrs or TSG101, result in an impaired ability to down-regulate the activated EGFR, leading to prolonged activation of signaling cascades downstream of the EGFR (40 -42) . Cellular UBE4B levels are correlated with EGFR degradation so that cells with higher levels of UBE4B degrade the EGFR faster than cells with lower levels of UBE4B. We observed a profound effect on the steadystate levels of cellular EGFR levels upon UBE4B depletion. The physiological relevance of the correlation of UBE4B levels with EGFR degradation may be related to differences in cellular UBE4B levels (and, therefore, EGFR levels and downstream signaling) that could underlie disease states such as cancer (43) . In this regard, UBE4B-depleted cells displayed prolonged ERK1/2 activation compared with control cells following EGFR stimulation. These data suggest that UBE4B can regulate EGFR signaling, likely by affecting the half-life of the EGFR. This sustained signaling is not necessarily an effect of the undegraded EGFR residing on the plasma membrane because the contribution of actively signaling and endosomally localized EGFRs is sufficient to activate initiate signal transduction cascades that mediate cell survival (44) . These data suggest that UBE4B can regulate global cellular events, like proliferation and signaling, and identify UBE4B as a potential therapeutic target for cancer therapies because its mutation or deletion from cells may underlie enhanced signaling that may be pathogenic (43, 45) .
We found that both the depletion of UBE4B from cells and the disruption of UBE4B recruitment to endosomes resulted in significantly impaired endosomal sorting of the EGFR. Although the majority of EGFR sorting is attenuated following UBE4B depletion or blockade of UBE4B endosomal recruitment, we could not completely abolish sorting of the EGFR. This may be due, in part, to the requirement for cytosol in our assay because we were unable to fully deplete UBE4B from HeLa cytosol. We observed a decrease in EGFR sorting of nearly 70% in both types of sorting experiment (depletion or inhibition of UBE4B-Hrs interactions), suggesting that UBE4B plays a major role in EGFR sorting. Importantly, these data define a role for UBE4B as critical to a single step in EGFR trafficking that, ultimately, results in receptor degradation.
We identified the EGFR as a substrate for UBE4B ubiquitination. Although the EGFR is known to be ubiquitinated at the plasma membrane, its ubiquitination is not required for cellular internalization (22) . Ubiquitination of the EGFR is required for its recognition by the ESCRT machinery and subsequent inclusion into MVB vesicles (13) . Therefore, what is critical for the degradation of cargo proteins is their state of ubiquitination during their residence on endosomal membranes. The presence of a ubiquitin ligase at endosomes could promote the sorting of receptors that are not ubiquitinated when they reach the MVB. Although we clearly showed that EGFRs could be ubiquitinated by UBE4B in vitro, EGFR levels doubled when UBE4B was partially depleted, making interpretation of the effect of UBE4B depletion on cellular EGFR ubiquitination complex.
Other ubiquitin ligases are reported to associate with endosomes (AIP4, MARCH-II, MARCH-III, Triad1, and RNF13) and may play some role in protein trafficking (46 -50) . Although there may be some overlap in their substrates, the sheer number of E3 ligases (ϳ600) encoded by the human genome implies some level of specificity (23) , and distinct E3 ligases are likely to possess at least some non-overlapping substrate specificity. The need for multiple endosomally associated ligases may reflect their varying methods of ubiquitination because E3 ligases vary in their method of ubiquitin transfer (51) . UBE4B, for example, is capable of catalyzing ubiquitination onto lysines not normally ubiquitinated by other ligases (32) . In this regard, it is doubtful that UBE4B is recruited to endosomes exclusively to ubiquitinate the EGFR. UBE4B is likely capable of regulating the degradation of other membrane proteins that are sorted into MVBs. Given the number of membrane proteins that are degraded via the MVB-lysosome pathway (hundreds of thousands) and the relative paucity of endosomally localized E3 ligases (Ͻ50), there may be combinatorial ubiquitination patterns that determine the trafficking of cargo.
Multiple groups have suggested that USP8-mediated deubiquitination regulates EGFR degradation, although it remained unclear whether it possessed an augmenting or inhibiting effect on degradation (12, 26 -28) . We believe that the root cause of this disagreement lies in the attempts to interpret the action of USP8 using experiments performed in situ. Two studies reported that depletion of USP8 from cells appeared to accelerate EGFR degradation (12, 27) . Another group reported that USP8 depletion inhibited EGFR degradation, in accordance with USP8 overexpression studies (26, 28) . It is difficult to interpret these studies because the experiments examined the role of USP8 by manipulating its levels or activity in whole cells. USP8 is a cytosolic deubiquitinating enzyme that likely has targets other than the EGFR. We analyzed the effect of USP8 at a single step in the endocytic pathway, the sorting of cargo into MVBs. In a cell-free environment, we examined whether the deubiquitinating enzyme activity of USP8 was critical for the sorting of the EGFR. Because of the nature of the assay, we cannot rule out the effect of other cytosolic proteins because a small amount of lysate is present in the reaction. However, our results suggest a role for USP8 at this discrete step in the process of EGFR trafficking required for receptor degradation.
Among the various proteins Hrs recruits to endosomal membranes, STAM acts as part of the initial sorting receptor (ESCRT-0) for ubiquitinated cargo (52) . Interestingly, STAM recruits the deubiquitinating enzyme USP8 to the endosome (12, 28) . Katzmann et al. (9, 53) proposed that the ubiquitin tag required for sorting complex binding is removed from cargo after recognition by the sorting machinery, but prior to inclusion in internal MVB vesicles, to maintain cellular levels of free ubiquitin. The mechanism that controls the rapid coordinated timing of the ubiquitination-deubiquitination reaction with ESCRT binding is unclear. Isolation of the UBE4B-Hrs-STAM complex, combined with previous isolation of the Hrs-STAM-USP8 complex (54) , suggested that UBE4B, USP8, Hrs, and STAM may exist in a complex on the MVB. However, after exhaustive attempts using affinity chromatography and immunoprecipitation, we were unable to isolate a four-part complex (Hrs, STAM, UBE4B, and USP8) and, instead, continually isolated either one of the three-part complexes containing either UBE4B ϩ ESCRT-0 or USP8 ϩ ESCRT-0. 4 We hypothesize that UBE4B and USP8 compete for binding to ESCRT-0. Our preliminary observations using a computational model of these binding interactions support this concept, in part because of the higher affinity of the Hrs-UBE4B interaction compared with the STAM-USP8 interaction. 5 We propose a heuristic model in which UBE4B and USP8 enable ubiquitin modification of cargo at the endosomal mem-brane. Hrs recruits STAM to endosomes and forms the ESCRT-0 complex to which UBE4B binds (rather than USP8 because of the higher affinity of UBE4B to Hrs) ( Fig. 7A ). UBE4B then ubiquitinates the receptors to allow their recognition by ESCRT-0 (Fig. 7B ). The ubiquitination of EGFRs stimulates recruitment of ESCRTs-I and II, whereas ESCRT-0 binds the ubiquitinated receptor (14) . UBE4B is then displaced from ESCRT-0 by USP8 binding to STAM (Fig. 7C) . The binding affinity of UBE4B for Hrs is in the same range as the binding affinity of USP8 for STAM (27) , suggesting that simple competition does not result in displacement and that other factors may be involved. ESCRT-I and II bind to cargo and facilitate membrane budding inward toward the lumen (Fig.   7D ), whereas ESCRT-III mediates the dissociation of ESCRTs from endosomal membranes (E) and membrane scission (F).
We have provided evidence that implicates the ubiquitin ligase, UBE4B, as a link between the machineries that govern ubiquitination and endosomal sorting. We show that UBE4B influences EGFR ubiquitination, sorting, and degradation. Finally, we propose a testable model in which the concerted effort of UBE4B, Hrs, STAM, and USP8 promote the degradation of EGFR. Elucidating the precise mechanism by which these efforts are synchronized will help elucidate how the choice between receptor degradation and recycling is coordinated. 
